The sequencing of the human genome has led to the identification of many genes whose functions remain to be determined. Because of conservation of genetic function, microbial systems have often been used for identification and characterization of human genes. We have investigated the use of the Escherichia coli SOS induction assay as a screen for yeast and human genes that might play a role in DNA metabolism and/or in genome stability. The SOS system has previously been used to analyze bacterial and viral genes that directly modify DNA. An initial screen of meiotically expressed yeast genes revealed several genes associated with chromosome metabolism (e.g., RAD51 and HHT1 as well as others). The SOS induction assay was then extended to the isolation of human genes. Several known human genes involved in DNA metabolism, such as the Ku70 end-binding protein and DNA ligase IV, were identified, as well as a large number of previously unknown genes. Thus, the SOS assay can be used to identify and characterize human genes, many of which may participate in chromosome metabolism.
Human genome stability requires the orchestration of a large battery of gene products that can influence cell progression, chromosome structure, replication and repair, transcription, and various responses to environmental genotoxicants. Alterations in any of these genes or their regulated activities can potentially lead to spontaneous or damage-induced genetic instability and altered chromosome metabolism, including mutation, recombination, and aneuploidy. Changes in genetic stability and chromosomal metabolism are hallmarks of many inherited disorders, including the multistage process leading to cancer.
The maintenance of genome stability is highly complex. Based on observations in microbes and evolutionary conservation with mammals, hundreds to thousands of genes are likely to be involved in human genome stability. For example, there are human cognates for several of the proteins involved in microbial DNA repair (discussed in ref. 1) . The discovery of this apparent conservation between mammalian and microbial systems has led to insights into the structure and function of genes that affect genome stability and has provided impetus for bioinformatic analyses of genomes.
Whereas the number of human genes responsible for genome stability may be numerous, the opportunities to identify them have been limited; thus, many more mammalian genes remain to be identified. To date, the identification of human DNA metabolism genes has been achieved primarily via techniques that include the use of degenerate oligonucleotides from known genes, followed by PCR, bioinformatic analysis, and subsequent identification of homologous genes from DNA sequence databases, and direct complementation of a wellcharacterized mutant.
Although these strategies have proven invaluable, they are limited in their ability to identify a broad range of genes involved in genome stability. We have developed an alternative approach for the rapid isolation and characterization of a wide variety of human genes that may have a role in chromosome metabolism and genome stability. Our approach is based on the concept that some human genes when overexpressed in model microbial systems can phenotypically alter specific genetic endpoints as they relate to genome stability. For example, overexpression in Escherichia coli of the human mismatch repair gene homolog MSH2 (a gene whose deficiency is responsible for certain hereditary nonpolyposis colon cancers) supported its role in the mutation process (2) . Additionally, mammalian DNA polymerase ␤ mutants have been characterized by their ability to functionally complement DNA polymerase I in E. coli (3) . In addition, numerous heterologous DNA repair genes have been identified and characterized via functional complementation of prokaryotic repair mutants (discussed in ref. 4) .
We have investigated the use of the E. coli SOS induction assay to identify human genes that might play a role in DNA metabolism and/or in genome stability. Because it is responsive to a variety of chromosomal perturbances, as originally described by Kenyon and Walker (5) , the SOS system was previously used to characterize viral and prokaryotic enzymes involved in DNA metabolism, such as the T7.3 endonuclease gene (6), DNA methylases (7), and the EcoRI and BamHI restriction endonucleases (8) (9) (10) , and for the isolation of novel thermostable restriction enzymes and nucleases (11, 12) . Based on these results, a broad spectrum of bacterial genes associated with DNA metabolism might be identifiable with the SOS assay (9) .
Given its sensitivity to chromosomal perturbances, we asked whether the SOS response could be elicited by human genes in a RecA-dependent manner. To test the validity of this approach, an initial screen of meiotically expressed yeast genes was performed that revealed several genes associated with chromosome metabolism. In the subsequent screen of genes expressed in human testis, several chromosome stability genes were identified, including previously uncharacterized genes. Thus, the SOS assay provides a way to identify and characterize the functions of human genes involved in chromosomal metabolism.
MATERIALS AND METHODS
Bacterial Strains. The strain JH139 for assaying the SOS response contains the dinD1::MudI1734 (kan R lac) fusion as previously described and kindly provided by Joseph Heitman (Duke University, Durham, NC; ref. 9) . A recA1 derivative of this strain was constructed with standard phage P1 transductions and confirmed by UV sensitivity to give the strain JRC139 (13). Standard YT medium contained 100 g/ml ampicillin (Amp), 35 g/ml 5-bromo-4-chloro-3-indolyl-␤-Dgalactopyranoside (X-Gal), and 0.1 mM phenylethyl-␤-Dgalactopyranoside (TPEG). Induction of the trc promoter was accomplished by using 0.5 mM isopropyl-␤-D-thiogalactopyranoside (IPTG).
Yeast Meiotic and Human Testis cDNA Library Construction. A yeast meiotic cDNA library was developed for expression in the SOS induction system. To increase our chances of isolating yeast cDNAs affecting genome stability, we purified poly(A) ϩ mRNA from the diploid yeast strain MR48 (14) at various times in meiosis (0.5, 1, 2, 4 and 6 h; after 6 h, spore formation was visually confirmed). During meiosis, there is a significant induction of various DNA metabolic activities including replication and recombination, as well as increases in specific activities of enzymes associated with these processes (14) . Cells were harvested and guanidium isothiocyanateprepared meiotic RNA was isolated as described (15) . mRNA was purified with a poly(A) ϩ mRNA isolation kit (Qiagen, Santa Clarita, CA). Pooled mRNA fractions from each time point were used for cDNA synthesis (equal amounts of mRNA were used from each time point). To ensure a greater proportion of near-full-length transcripts, first-strand cDNA synthesis was performed by using SuperScript II reverse transcriptase (Life Technologies, Gaithersberg, MD), which contains point mutations in the RNase H domain (eliminates degradation of the mRNA template) and an oligo(dT)-primer containing a NotI restriction site. SalI-or XhoI-cloning adapters were added to the resulting cDNA, and the ligation products were digested with NotI. The cDNA was size selected (Ͼ500 bp) before ligation to the expression vector. The synthesized cDNA was directionally cloned (SalI to NotI or XhoI to NotI) into the E. coli expression vector pSE380 (ref. 16; Invitrogen) . This vector contains a strong trc promoter for high-level induction, the lacO operator, and lacI q repressor gene for transcriptional regulation and convenient cloning sites for directional cloning of our synthesized cDNAs adjacent to the trc promoter. A yeast meiotic cDNA library of approximately 4 ϫ 10 7 primary transformants was constructed in this vector. This number of primary transformants ensures nearly complete coverage of all expressed cDNAs. Similarly, we constructed a pSE380 expression library from cDNA generated from human testis poly(A) ϩ mRNA (CLONTECH). A library of approximately 4 ϫ 10 7 primary transformants was constructed (corresponding to nearly complete coverage of all expressed cDNAs).
Library Screening in E. coli for SOS Induction. The cDNA libraries were transformed into the SOS detection strain JH139. This strain contains the dinD1::lacZ reporter construct, which exhibits a low basal level of ␤-galactosidase but a large increase in ␤-galactosidase when DNA damage is introduced (i.e., SOS response). The transformants were plated on medium containing antibiotic (YT ϩ Amp) to achieve approximately 200-250 transformants per plate. After overnight growth, plates were subsequently replica-plated to YT ϩ Amp, YT ϩ Amp ϩ X-Gal ϩ TPEG, and YT ϩ Amp ϩ X-Gal ϩ TPEG ϩ IPTG (TPEG, a competitive inhibitor of ␤-galactosidase, reduced the background level of the enzyme to better visualize the SOS induction) and grown overnight. Plates were then scored for colonies that exhibited the SOS/ LacZ ϩ response when cDNAs were induced by IPTG (blue color on YT ϩ Amp ϩ X-Gal ϩ TPEG ϩ IPTG). (Occasionally SOS/LacZ ϩ transformants were observed independently of IPTG; these were likely because of gratuitous recognition of some yeast sequences as promoter elements in E. coli, a phenomenon that has been exploited in the cloning of yeast genes that complement certain E. coli mutations.) The SOS/ LacZ ϩ transformants were purified, and the plasmid was isolated and transformed back into JH139. They were also transformed into an isogenic recA derivative of JH139 to establish that the SOS response was indeed RecA dependent or, alternatively, prevented growth of the recA mutant. The RecA dependence would be expected if, for example, the expressed cDNA caused a perturbation in DNA metabolism. cDNA inserts exhibiting RecA-dependent SOS induction or lack of growth were amplified with TaqPlus polymerase (Stratagene) and the primers 5Ј-GCGCCGACATCATAACGGT-TCTGGC-3Ј (PSESTRT) and 5Ј-CGGCGCTACGGCGTT-TCACTTCTGAGTTCG-3Ј (PSEEND). The PCR products were gel purified and sequenced on an ABI model 373A DNA sequencer with the ABI PRISM sequencing kit (PerkinElmer) and the oligonucleotide 5Ј-GGCTCGTATAATGT-GTGGAATTGTGAGCGG-3Ј (380OLIGO). Sequence analyses were performed with the BLASTX and BEAUTY algorithms of the BCM Search Launcher (Human Genome Center, Baylor College of Medicine, Houston; refs. [17] [18] [19] . Finally, that the expression of the SOS response was caused by the isolated clones was confirmed by mutagenesis of the cloned cDNA inserts. Mutagenesis was performed either by HOP insertions into the cDNA (20) or by frameshifting the aminoterminal coding sequence via restriction enzyme digestion of the cDNA with subsequent Klenow fragment fill-in reactions.
RESULTS

Isolation of Yeast Meiotic cDNAs That Induce SOS.
The SOS response in E. coli, a coordinate regulatory cascade involving approximately 20 genes, is induced by DNAdamaging agents or drugs that inhibit DNA metabolism. Furthermore, many proteins that exhibit DNA metabolic activity induce the SOS response when expressed (7) (8) (9) (10) (11) (12) . Therefore, we reasoned that this system might be applicable to the identification of human genes involved in DNA metabolism and genome stability. Because the efficacy and level of sensitivity of this approach for identifying eukaryotic cDNAs was not known, we initiated a screen for Saccharomyces cerevisiae genes, which, when expressed in E. coli, could induce the SOS system. Because the entire genome of S. cerevisiae has been sequenced, identification of yeast genes involved in DNA or chromosome metabolism with the SOS assay would validate the utility of the screen.
The yeast cDNAs were derived from cells at various stages of meiosis (see Materials and Methods) and were placed under the control of a highly regulatable promoter. The clones were examined for their ability to induce the SOS response, which was detected by induction of a dinD1::LacZ reporter cassette. Among approximately 26,000 transformants, of which onethird would be expected to be in-frame, 70 yielded an SOS response that was RecA dependent (i.e., the recA strain did not grow or there was no SOS response in the recA strain containing the expressed cDNA; discussed below).
The 5Ј end of each isolate was sequenced to identify the genes in the yeast genome. As shown in Table 1 , most (41 isolates) of the cDNAs corresponded to the meiosis-specific SPS4 gene which codes for a putative 38.6-kDa basic protein with a deduced pI of 9.7. Most of the SPS4 isolates were full length or nearly full length. Previously, it was shown that SPS4 is a major transcript in meiosis (21) . Two of the isolates were full-length isolates of the RAD51 gene, a RecA homolog required in yeast for genome stability, meiosis, and repair after exposure to many genotoxicants (22) . Furthermore, RAD51 homologs have been identified in mammalian cells and are also (1999) proposed to play a role in genome stability in higher eukaryotes (23) . A homolog of the mouse and human MOV34 (POH1) gene was also isolated. The MOV34 protein is highly conserved throughout evolution and corresponds to the human 26S proteosome regulatory chain (24) . The human counterpart, POH1, appears to play a role in multidrug resistance and increased resistance to UV irradiation when overexpressed (25) . The Schizosaccharomyces pombe homolog appears to play a role in higher order chromosome structure (26) . This gene appears to be essential for viability in fission yeast, Drosophila, and mammalian cells (26) (27) (28) . Disruption of this gene in S. cerevisiae indicates that it is essential for viability as well (unpublished observation). The yeast gene corresponding to this mammalian proteasomal subunit has been termed RPN7, for regulatory particle non-ATPase (29) . Mutational analysis of the SPS4, RPN7, and RAD51 cDNAs indicates that the expressed protein products of these cDNAs are responsible for the SOS/LacZ ϩ phenotype, because both insertion/ deletions and frameshift mutations within the coding regions abolish the SOS response. Another DNA-associated protein was identified, histone H3 (encoded by the HHT1 gene). Two independent isolates of the SPR28 septin were identified, as well as the splicing factor SNT309 and the zinc finger DNA-binding transcriptional regulator MET32 (30, 31) . We also isolated the HOP2 gene, which is meiosis specific and required for preventing synapsis between nonhomologous chromosomes (32) . In addition to these cDNAs, seven unknown yeast ORFs were identified. One of the unknowns, YCR010C exhibits a high degree of homology with the FUN34 transmembrane protein. Phenotypes for disruption and overexpression of these unknown genes are currently being tested.
Isolation of Human Testis cDNAs That Induce SOS. Based on our ability to detect yeast meiotic cDNAs that could induce the SOS response, we undertook a screen of cDNAs derived from human testis mRNA. Of approximately 65,000 transformants examined (one-third of the clones in our constructed library would be expected to be in-frame), we identified 58 ( Table 2 ) that induced an RecA-dependent SOS response or required RecA for growth. As shown in Table 2 , five of these corresponded to genes that had been previously identified [Ku70, DNA ligase IV, poly(A) polymerase, HSP105, and hTAFII18]. Nonspecific effects were considered unlikely if the cDNAs were unable to induce SOS in a recA strain or, alternatively, if they prevented growth of the recA strain ( Table  3 ). The RecA specificity of the SOS response or inviability in a recA strain suggests that the cDNAs can exert their effects through perturbances in DNA metabolism and cell growth. Approximately two-thirds of the isolated human cDNAs identified in this screen exhibited RecA-dependent growth when the cDNAs were induced. An example of the recA-dependent SOS response is shown in Fig. 1 . The predicted protein sizes encoded by the isolated cDNAs are presented in Table 3 .
The isolation of clones corresponding to DNA ligase IV and the Ku70 end-binding protein supports and demonstrates the utility of the hypothesis that the SOS assay can be used to identify proteins with DNA metabolic activities. DNA ligase IV forms a complex with XRCC4 (via the carboxy-terminal extension of DNA ligase IV containing two tandom BRCT domains) and is responsible for DNA end joining in V(D)J recombination, as well as repair of DNA double-strand breaks in mammalian cells (33, 34) . This structure-function relationship also appears to be conserved in yeast, in which the yeast DNA ligase IV homolog (LIG4) interacts with the corresponding yeast XRCC4 homolog (LIF1) to participate in nonhomologous DNA end-joining activities. Interestingly, the Ku70 protein (35) also plays a role in joining of broken molecules as part of V(D)J recombination in mammalian cells and nonhomologous end joining in yeast. In addition to DNA ligase IV and Ku70, we have identified a cDNA corresponding to the heat shock protein HSP105 (36). It is not clear how the HSP105 gene influences SOS induction; possibly, it affects folding of protein(s) associated with the SOS response or modifies genes involved with E. coli DNA metabolism. Furthermore, a role for heat shock proteins as regulators of gene transcription factors has been suggested (37, 38) . Interestingly, one of the isolated cDNAs (two independent isolates) exhibited localized homology to a carboxyl-terminal 10-aa stretch of HSP90 and is referred to as HSP90C-Ter homolog ( Table 4 ). The significance and function of this region remains to be determined. Although HSP90C-Ter and HSP105 expression resulted in the SOS response, they differed in their effects in the recA strain. Expression of HSP90C-Ter did not appear to affect growth of the recA strain, whereas HSP105 expression clearly inhibited growth. Two additional genes were identified that are involved There were 58 total isolates, and 51 total unique isolates (based on sequencing). (1999) in nucleic acid metabolism: RNA polymerase transcription factor IID subunit TAFII18 and poly(A) polymerase. Additional human cDNAs were isolated that exhibited significant homology to known proteins from other organisms. These include a possible human homolog of a mouse meiosisspecific nuclear structural protein MNS1 [46% protein identity over the translated sequenced region (39)], a homolog of a rat protein (Rabin3) that associates with the Ras-like GTPase Rab3A [76% protein identity over the translated sequenced region (40)], and a homolog of the Xenopus centrosomal kinesin-like protein KLP2 (41) . In addition, homologs of the mouse proliferating potential-related protein (P2P-R), kanadaptin, and an annexin V-binding protein (ABP-7; three independent isolates) were identified (42) (43) (44) . In the mouse, P2P-R is a member of a highly basic group of nuclear proteins that can bind to RNA and are associated with heterogeneous nuclear ribonucleoprotein particles and the RB1 tumor suppressor and may modulate differentiation (42) . Although annexin V has been proposed to function as a neurotrophic factor (45), four unique proteins have been demonstrated to interact with it (44). These interacting proteins include two proteins highly homologous to helicase2 and DNA (cytosine-5) methyltransferase and two of unknown function. It is interesting that one of the clones exhibited limited relatedness to the yeast RAD50 gene required for double-strand break repair ( Table 4 ). The functions of the remaining 38 clones (some corresponding to expressed sequence tags) are not available from current databases. † Amino acids starting at the C-terminal end. Predicted sizes were determined by partial DNA sequencing and alignments to known homologs. ‡ Growth of isogenic recA strain when cDNA expressed. § NA (not applicable) because these genes were first isolated in this study. 
DISCUSSION
The SOS system of bacteria consists of a group of more than 20 genes that can be induced in response to DNA-damaging agents or perturbations to genome metabolism and cell progression. The recA gene, which is essential in the induction process, also plays a direct role in dealing with many kinds of lesions and genomic changes. With this in mind, we investigated the use of the E. coli SOS induction assay to identify human genes that might play a role in DNA metabolism and/or genome stability. Because of its sensitivity to a variety of chromosomal perturbances, the SOS system has previously been used to analyze bacterial and viral genes that directly modify DNA and to identify new genes from various bacterial systems. Because there is conservation of many gene functions across evolution, we anticipated that there would be genes in eukaryotes that could elicit an SOS response when expressed in E. coli. The gene products might be proteins that directly modify or interact with DNA, such as nucleases, helicases, or single-strand DNA-binding proteins, or, alternatively, they might interact with components in DNA metabolic processes.
There are numerous examples of eukaryotic genes affecting growth or genetic stability in E. coli, but there have been no studies of eukaryotic genes that directly induce the SOS response.
Our approach with the SOS system has led to the identification of many eukaryotic genes that induce the SOS response in a RecA-dependent fashion. Approximately two-thirds of the identified cDNAs exhibited RecA-dependent growth as well. These results are consistent with perturbation of E. coli chromosome metabolism either directly or indirectly. This is certainly true for the isolated cDNAs that corresponded to known genes (Tables 1 and 2 ); 30-50% of the cDNAs code for genes that are obviously related to some aspect of chromosome metabolism or that interact with factors that can affect metabolism. These results also strongly support the view that the assay provides selectivity, because it is unlikely that, in a random sample of cDNAs, 30-50% are related to chromosome metabolism. It remains to be determined why the other known genes were isolated in the SOS assay. For example, replication might be interrupted simply by the DNA binding of an induced heterologous protein, such as histone 3A, or other DNAbinding proteins, thus eliciting the SOS response. Alternatively, the other genes could affect some aspect of normal DNA metabolism, possibly by changing protein structure (as for heat shock proteins), or they could alter transcription by components involved in SOS induction [as for poly(A) polymerase, RNA polymerase transcription factor TAFII18, or the human homolog of the mouse proliferating potential-related protein P2P-R]. A transcription factor might interact with factors involved in transcription-coupled DNA repair (46) . Unexpectedly, this screen yielded a few factors that appear to be involved with the cell membrane (such as the yeast homolog of the FUN34 integral membrane protein, the meiotic septin SPR28) and targeting secretory membrane vesicles (Rabin3 and kanadaptin homologs). Although an explanation of this will require further analysis, it is possible that cell membrane perturbances may affect the E. coli SOS response. For example, Garvey et al. demonstrated that the activated RecA protein can associate with the cell membrane and affect levels of major outer membrane proteins (47) .
Many of the cDNAs isolated in the SOS induction assay encoded partial fragments of the corresponding proteins. This result was not surprising given the manner in which the cDNA libraries were constructed and the properties of the expression vector. The size of the final cDNA product is greatly influenced by the efficiency of the cDNA synthesis reaction as well as the quality of the mRNA template. Furthermore, the expression vector pSE380 contains translation initiation sequences and a start codon. cDNAs containing large upstream untranslated regions would generally not produce a protein product corresponding to the ORF of the cDNA. In addition, only one-third of the clones would be expected to be in-frame. This was the case for all the cDNAs corresponding to known yeast or human genes.
Even though a significant number of the isolated clones were partial fragments, our results indicate that these expressed peptides can still induce the SOS response. The use of expressed peptides to generate selectable phenotypes is not unprecedented. For example, dominant negative mutants can result from the truncation of protein regions involved in specific functional interactions (48) . This approach has been modified and expanded to screen for dominant negative mutants resulting from the expression of random DNA fragments across a number of model systems including bacteriophage , yeast, and mammalian cells (49) (50) (51) (52) .
It will be interesting to learn the functions of the genes corresponding to the nearly 50 previously unidentified yeast and human cDNAs. Because there were many unique genes identified, it is likely that, if this assay were expanded, a considerably larger number of genes would be identified that can induce the SOS response. This screen could be applied to various tissues, growth conditions, and cell types. In addition, by using subtracted populations of cDNAs, this assay could provide an initial functional characterization of differentially expressed genes. The present approach could be combined with other mutants to further categorize or subcategorize human genes in functionality assays. For example, many of the genes that induced the SOS response also prevented growth of a recA strain. Thus, it would be interesting to determine the impact of these genes in other mutants defective in DNA metabolic activities. Finally, our constructed yeast and human cDNA libraries could be used to complement various E. coli mutants to identify functional homologs. For example, our human cDNA library has been used to isolate expressed cDNAs that complement the spontaneous mutator phenotype that results from mutation of genes required for oxidative repair of DNA (M. Volkert, personal communication) .   FIG. 1 . Induction of the SOS response by human cDNAs is RecA dependent. Presented are two of the cDNAs, DNA ligase IV and the HSP90-terminal segment homolog HSP90C-Ter, that elicited a recAdependent SOS response. RecA and recA strains harboring each of the indicated cDNAs were first patched to YT ϩ Amp plates and grown overnight at 37°C. These plates were subsequently replica plated to YT ϩ Amp, YT ϩ Amp ϩ X-Gal ϩ TPEG and YT ϩ Amp ϩ X-Gal ϩ TPEG ϩ IPTG and incubated overnight at 37°C. The SOS response gives rise to blue colonies because of the induction of the dinD1::LacZ reporter construct. The figure shows the YT ϩ Amp ϩ X-Gal ϩ TPEG ϩ IPTG plates only.
